ABSTRACT Speckle noise is inevitable in the process of acquiring of digital holograms. In this paper, a new approach is proposed to suppress the speckle noise in the digital hologram. The method is composed of two steps: 1) to enhance the noisy digital holograms by Gamma correction, and 2) to process the reconstructed images by filtering. It is demonstrated that the presented method can effectively reduce speckle noise in the digital hologram.
I. INTRODUCTION
Digital holography is widely used in various fields including biomedical imaging [1] and measurements [2] . However, the digital hologram always contains a variety of noises, such as speckle noise, additive noise [3] , [4] , shot noise [5] and so on. Among these noises, speckle is the main noise. It decreases the signal-to-noise ratio (SNR) and seriously affects the quality of the image [6] . There are two methods to reduce speckle noise. The first method is optical processing, such as reducing the spatial coherence of the beam illuminating the sample [7] or diversifying the wavelength and the angle [8] , which reduces the speckle to a certain degree. The second method is reducing the strength of the speckle noise using digital image processing. Garcia-Sucerquia et al. [9] reduced the speckle noise in the reconstructed image using the median filter method. It is difficult for median filter to attain a trade-off between noise attenuation and detail preservation. Sharma et al. [10] reduced the speckle noise by using the wavelet-based transformations and improved the signal-to-noise ratio. Maycock et al. [11] reduced the speckle by convolving the three dimensional intensity pattern with a 3D point spread function in reconstructions of digital holograms. Junmin Leng reconstructed multiple holograms and then averaged the intensity to smooth the noise. Finally, he designed the adaptive algorithm based on the nonlocal means to further suppress the speckle noise [12] . As a typical method based on partial statistical characteristics of image [13] , Lee filter was introduced by Lee [14] to reduce the speckle noise in SAR images. Lee filter is also used to suppress the speckle noise of the image reconstructed from holograms as one of compared methods [15] , [16] . The main disadvantage of the Lee filter is that its full power can only be obtained in a homogeneous region. In a non-homogeneous region, the speckle cannot be smoothed sufficiently [17] . The nonlocal means algorithm (NLM) as an efficient technique for denoising was proposed by Buades et al. [18] . The method was already used for speckle noise elimination from digital hologram [15] , [19] - [22] . Leo et al. [23] proposed an algorithm called Bidimensional Empirical Mode Decomposition (BMED), which shows very high denoising performance in digital hologram. The block matching 3D algorithm (BM3D) as an advanced image filter was proposed by Dabov et al. [24] . Katkovnik et al. [25] used BM3D for hologram despeckling. However, the noise reduction is limited using these filtering methods with inevitable loss of information. Herrera-Ramirez et al. [26] proposed a method to reduce speckle by the superposition of multiple slightly rotated digital holographic images. In addition, the Gamma correction of noisy hologram can also affect the noise reduction effect. To the best of authors' knowledge, this study has not been reported previously.
In this work, a new algorithm is proposed to suppress the speckle noise in the reconstructed image of digital hologram.
The new method is composed of two steps: the noisy digital hologram is Gamma-corrected in the first step and then the reconstructed image is filtered in the second step. Several techniques can be used in the second step, including Lee filtering, BM3D, NLM and so on. The method is called filtering reconstructed image from the Gamma-corrected noisy hologram (FRIGCNH). The suppression of speckle effect is compared with other methods. The results show that the proposed two steps method effectively improves the reconstructed image from the noisy hologram.
II. DIGITAL HOLOGRAM
The digital hologram is recorded in a plane at which an object wave interferes with a reference wave using an image sensor, such as charge coupled device (CCD), complementary metal oxide semiconductor (CMOS). The hologram is expressed as [27] :
where R is the reference wave, O is the wave reflected by the object and * denotes the complex conjugation. The reference wave R can be expressed as
where a R is the intensity of the reference wave and {u 0 , v 0 } are the spatial frequencies of the reference wave. (x, y) is the coordinate pair in space. In the Fresnel approximations, the following equation is obtained
where d 0 is the distance from the object to the recording plane and λ is the wavelength. A(X,Y) is the object wave front at the object plane and is expressed as:
where A 0 (X , Y ) and ψ 0 (X , Y ) are the amplitude and the phase of object wave, respectively. In digital holography, the reconstructed wave is obtained by a multiplication of the hologram intensity I H (x, y) with the reference wave R(x, y) that is calculated through the FresnelKirchoff integral [28] , namely
where A is a complex constant, d is the distance from the hologram plane x-y to the reconstructed field ψ (u, v) in the observation plane u-v, and w(x, y) = exp[iπ (x 2 + y 2 )/λd] is a phase function. Eq. (5) shows that the reconstructed field is determined essentially by the two-dimensional (2D) Fourier transform of I H (x, y)R(x, y)w (x, y) .
If the resolution of the image sensor array is N × N pixels and the pixel spacing are x and y in x and y directions, respectively, then the discrete representation of Eq. (5) can be expressed as:
where m, n, r, and s are integers, u and v are the pixel spacing in the reconstructed field in two directions. Eq. (6) shows the discrete 2D Fourier transform that allows the reconstructed image to compute via fast Fourier transform (FFT) algorithm.
III. SPECKLE IN THE DIGITAL HOLOGRAM
Most materials are rough on the scale of an optical wavelength; the surface of a sample can have various microscopic scattering facets. Laser light scatterings from the facets interfere with each other to produce speckle on the photosensitive surface of the image sensor. In other words, speckle is the sum of the complex amplitude of light waves that have random phases. If the phases are uniformly distributed on the interval (−π, +π) and the interaction of the reference light with the speckle is neglected on the image sensor photosensitive surface, the probability density function of the intensity is exponentially distributed [29] :
where I is intensity, σ 2 is variance, and P I (I ) represents the probability density of the intensity. The speckle intensity of any point on the imaging plane can be expressed as:
Thus, the speckle noise intensity of each point on the entire image plane can be calculated. This noise is multiplicative noise [30] .
The hologram recorded by the image sensor always contains additive noise. The noise reduces with persistently increasing imaging quality of the sensor [31] ; in particular, the noise in the image acquired by the scientific grade CCD is very low. Therefore, this article only focuses on the speckle noise, which is the main noise contained in the hologram [19] .
In order to obtain a noisy hologram, an array that has the size equal to the hologram is constructed according to the probability density exponential distribution of the speckle noise. The hologram and the array are then multiplied correspondingly to obtain a hologram containing speckle noise. Speckle in holograms can be modeled as multiplicative noise. Thus, the noise model is defined as:
where v is the intensity observations of a noisy hologram, h is the hologram, and n is the fully developed speckle noise.
IV. THE PROPOSED METHOD FRIGCNH A. GAMMA-CORRECTED NOISY HOLOGRAM
The Eq. (5) and Eq. (6) show that the reconstruction of digital hologram is a process of Fourier transform. According to the scale transformation characteristics of Fourier transform, compressing a signal in time leads to expansion in the frequency domain and vice versa [32] . Similarly, compressing a function in spatial domain leads to expansion in the frequency domain. Eq. (10) is the Fourier transform of Eq. (7). The Fourier transform function curve becomes smooth with decrease in the value of σ 2 as shown in Fig. 1 .
From Eq. (7), the intensity distribution of speckle noise can be computed as The evenly 16 gray values intervals from 0 to 255 are taken as the gray levels of the speckle noise. The distribution of gray level is shown as blue histogram and curve in Fig. 2 (a) computed from Eq. (11). The Gamma correction used to compress the intensity of speckle as Fig. 2 (a) can be expressed as Eq. (12) [33]
where S and S o are the normalized intensity levels of the original hologram and the hologram after intensity transformation, respectively, and c is a positive constant. Parameter specifies the intensity values in S to create S o . When > 1, the value of S o becomes small besides S =0 and S = 1, so the intensity of speckle is compressed similar to the scale transformation results. As a result, the distribution of grey level after Gamma correction with = 2 is shown as red histogram and curve in Fig. 2 (a) . Comparing the curve in Fig. 2 (a) with Fig. 1 (a) , it can be seen that the two figures are actually very similar in form. Specifically, the Gamma correction is just as effective as decreasing the value of σ 2 in Eq. (7). It is very clear that the distribution curve becomes steeper after Gamma correction. That is, the number of high gray scale values of pixels is reduced after Gamma correction and the number of low gray scale values of pixels is increased. This indicates the possibility that the noisy holograms processed by Gamma correction will become smooth after Fourier transformation as shown in Fig. 1 (b) . Fig. 3 provides a visual representation of the change. In Fig. 3 (a) , all pixels are rearranged from 100 × 100 pixel speckle noise image for the sake of clarity. The pixels located in the center area have highest grey level and the gray scale of other pixels gradually reduce outwards. Each number of pixels has a grey value meeting the probability distribution shown as blue histogram in Fig. 2 (a) . Fig. 3 (b) is the grey hierarchical image of Fig. 3 (a) . Fig. 3 (e) is the result of Gamma correction from Fig. 3 (a) and Fig. 3 (f) is the grey hierarchical image of Fig. 3 (e) . It is obvious that the image gray scale variation is sharper after Gamma correction. Fig. 3 (c) and Fig. 3 (g) are 2-D fast Fourier transformation (FFT) of Fig. 3 (a) and Fig. 3 (e) , respectively. Fig. 3 (d) and Fig. 3 (h) are the grey hierarchical images of Fig. 3 (c) and Fig. 3 (g) , respectively. The centerline data of FFT of Fig. 3 (a) and Fig. 3 (e) are shown in Fig. 2 (b) . The legend B and A represent the data of FFT results of Fig. 3 (a) and Fig. 3 (e) , respectively. It can be seen by comparing the curve in Fig. 2 (b) with Fig. 1 (b) that the Gamma correction has similar smooth effect to the Fourier transform result as decrease in σ 2 does in Fig. 1 (b) . The contrast of Fig. 3 (g) is lower than the contrast of Fig. 3 (c) . The value of PSNR is inversely related to the contrast. Thus, the PSNR of Fig. 3 (g) is higher than the PSNR of Fig. 3 (c) . It is clear from above discussion that the Gamma transformation of speckle noise image can improve the PSNR of the FFT transformation.
As we know, the hologram is composed of interference fringes. The holographic stripes have a different size and shape from speckle noise, the length of the stripes is larger than the size of speckle. The influences of Gamma correction on holographic stripes are much smaller than on speckle, so the hologram content is hardly modified by the Gamma correction.
B. FILTERING RECONSTRUCTED IMAGE
Several algorithms have been proposed for speckle reducing, including the Lee filtering [14] , BM3D [23] , NLM [18] , Kuan filter [34] , Frost filter [35] , bilateral filter [36] , and so on. The section describes briefly three algorithms which were considered in this study.
Lee filtering is a standard speckle noise elimination technique. It has good performance of reducing speckle on SAR image. Lee filter can be used to suppress the speckle noise in image reconstructed from hologram [15] , [16] . Based on the partial statistical characteristics, Lee filter achieves suppressed speckle noise by using the minimum mean square error filtering criterion. The Lee filter reduces the speckle well in the homogeneous regions but at the same time blur the edges and textures [37] . Several improved Lee filtering algorithms have been proposedčsuch as non-local Lee filter [17] , lapped transform domain enhanced Lee filter [37] and refined Lee filter [38] .
BM3D is known as state-of-the art in image de-noising. The algorithm includes basic estimate and final estimate, each estimate is implemented in three operations: block-matching, 3D collaborative filtering in a sparse domain, and reconstruction [39] , [40] . BM3D was also used to suppress the speckle noise in digital holography [20] .
NLM uses image redundancy to estimate the ''true'' grey values of each pixel from the noisy image. The denoising in the method is achieved by search similar pixels, firstly. Then pixels are averaged with different weights expressing the similarity and obtained by patch correlation, secondly [41] . 
V. EXPERIMENTS
In order to validate the effectiveness of the proposed algorithm, the reconstructing image from Gamma -correcting noisy hologram (RIGCNH) is filtered using Lee filtering, BM3D, and NLM, respectively. We denote the proposed methods as Lee-FRIGCNH, BM3D-FRIGCNH, and NLM-FRIGCNH according to the filtering method. For comparison, the reconstructing image from noisy hologram (RINH) is filtered using Lee filtering, BM3D, and NLM, respectively. The results obtained by using different methods are analyzed using visual effect and objective quantitative indexes. Objective quantitative indexes used in the experiment include peak signal to noise ratio (PSNR), speckle index (SI) and equivalent number of looks (ENL) [15] . The pipeline of simulation experiments is showed in Fig. 4 Fig . 5 (a) shows a picture calculated using the off-axis Fresnel holographic algorithm (parameters during modeling of the hologram registration: the image sensor array is 1200 × 1200 pixels, 4.8µm pixel pitch, λ = 632.8nm,d 0 = 150 mm). The resultant hologram is shown in Fig. 5 (b) (1200 × 1200 pixels), the upper right of the image is the enlarged views of the area marked in black rectangle. Fig. 5(c) shows the reconstructing image from hologram Fig. 5(b) (1200 × 1200 pixels). Fig. 5(d) (300 × 300 pixels) is the enlarged views of the area marked in blue rectangle of image (c). the peak of the curve, it is found that the optimal value of is 1.28 in this case. Fig. 5 (f) shows a hologram in which the intensity has been Gamma-corrected with the optimal value of . Fig. 5 (g) is the result of RINH, which is reconstructed from noisy hologram Fig. 5 (e) . Fig. 5 (h) is the result of RIGCNH, which is the reconstructed image from Fig. 5 (f) . The image Fig. 5 (i) is the result of Lee filtering Fig. 5 (g) using a 7 × 7 neighborhood. The image Fig. 5 (h) is Lee filtered using a 7 × 7 neighborhood and the result is shown in Fig. 5 (j) , which is the result of the proposed method Lee-FRIGCNH. The image Fig. 5 (k) is the result of BM3D filtering Fig. 5 (g) . The image Fig. 5 (h) is BM3D filtered, the result is shown in Fig. 5 (l) , which is the result of the proposed method BM3D-FRIGCNH. The size of patches is 8 × 8 pixels in both steps of BM3D algorithm in all the experimentation. The image Fig. 5 (m) is the result of NLM filtering Fig. 5 (g) . The image Fig. 5 (h) is NLM filtered and the result is shown in Fig. 5 (n) , that is, the result of NLM-FRIGCNH. We set the search window of 15 × 15 pixels and the similarity square noisy hologram, (g) the result of RINH, (h) the result of RIGCNH, (i) the result of Lee filtering image (g), (j) the result of Lee filtering image (h), that is, the result of Lee-FRIGCNH, (k) the result of BM3D filtering image (g), (l) the result of BM3D filtering image (h), that is, the result of BM3D-FRIGCNH, (m) the result of NLM filtering image (g), (n) the result of NLM filtering image (h), that is, the result of NLM-FRIGCNH. The red areas are used for calculation of ENL. neighborhood of 7 × 7 pixels in NLM filtering in all the experimentation. The values of the PSNR, SI, ENL and time of calculation of de-speckling are shown in Table I . The value of ENL is calculated from the three red rectangular areas in each reconstructed image.
It is obvious that the images Fig. 5 (j), (l) and (n) acquired from the proposed method are more similar in appearance to the original image than (i), (k) and (m), respectively. It can be seen from Table 1 that the image acquired by proposed method has higher PSNR and ENL, and lower SI except ENL of BM3D. It can also be seen that the Fig. 5 (h) has lower speckle compared to Fig. 5 (g ) in visual. This confirms that the Gamma correcting can improve the reconstructed image. The objective quantitative indexes in Table I also validate this fact.
Filtering the image reconstructed from the noisy hologram can improve the PSNR value to some extent, which can be seen from Fig. 5 (i) , (k) and (m). As can be seen from Table 1 , the PSNR and ENL values are greater than the values of the corresponding image before filtering.
The disadvantage of the proposed method is the increase of computational load. The execution time of every method is given in Table 1 . As can be seen from the table, time of calculation of despeckling by the method is longer than the comparative methods. The main reason is that the proposed algorithm has to search the firstly suitable value of . Fig. 7 provides the quality improvement process of another digital noisy hologram by above methods. The variance of speckle noise is 0.1 in the noisy hologram and the optimal value of is calculated to be 1.34. The values of PSNR, SI and ENL for the different methods are shown in Table 2 . The images and values show that the resultant effects of the above mentioned methods are similar. The proposed method achieved good visual effects and highest values of PSNR and ENL. The image acquired by the method also has the lowest value of SI.
More simulation experiments are conducted to ensure the generality of these conclusions. 36 holograms are acquired with the Fresnel holographic algorithm, containing speckle noise with 0.1 variance. All the noisy holograms are processed according to the above mentioned methods and the statistical average PSNR values are shown in Table 3 .
According to the proposed method, all the images are reconstructed from the Gamma-corrected hologram and in all reconstructed images the PSNR increases in varying degrees; the average increase and the average PSNR are 4.06dB and 18.54dB, respectively. All the images reconstructed from the Gamma-correcting noisy hologram are Lee filtered, BM3D filtered and NLM filtered, respectively, we get the results of Lee-FRIGCNH, BM3D-FRIGCNH, and NLM-FRIGCNH. From the Table 3 also confirm the effect of the proposed method. Furthermore, each noisy hologram has an optimal value of and the value of the PSNR variation difference corresponding to different value is great. The PSNR and SI are not the only indicators for hologram reconstruction; the image reconstructed from a noisy hologram that has been corrected by the optimal does not always have the best visual effect. This deduction agrees well with Gonzalez and Woods' [33] conclusion that quantitative metrics do not necessarily relate well to perceived image quality.
VI. CONCLUSION
In this paper, a new method is proposed to reduce the speckle noise of images reconstructed from noisy digital hologram. Firstly, the noisy digital hologram is enhanced by Gamma-correction. Secondly, the hologram is reconstructed, then, the filter algorithm (Lee filter, BM3D, NLM) is used to process and further improve the reconstructed images. VOLUME 6, 2018 A theoretical analysis is provided to validate that the Gamma correction can increase the PSNR of the hologram reconstruction. The simulation experimental results demonstrate the validity of the proposed method. The performance of the proposed method is compared with three existing methods: Lee filter, BM3D, NLM. The results show that the proposed method not only improves the PSNR and ENL of the reconstructed image from the noisy hologram, but also decreases the value of SI to some extent. The reliability of the proposed method has been proved by large amount of experimental data. Classical Lee filtering, BM3D, NLM are used in this study. However, possibly better results can be obtained if other filtering is used.
